Magnetic excitations in the quasi-one-dimensional antiferromagnet IPA-CuCl 3 are studied by cold neutron inelastic scattering. Strongly dispersive gap excitations are observed. Contrary to previously proposed models, the system is best described as an asymmetric quantum spin ladder. The observed spectrum is interpreted in terms of composite Haldane spin chains. The key difference from actual S 1 chains is a sharp cutoff of the single-magnon spectrum at a certain critical wave vector. DOI: 10.1103/PhysRevLett.96.047210 PACS numbers: 75.10.Jm, 75.25.+z, 75.50.Ee Antiferromagnetic 2-leg spin (S 1=2) ladders and the closely related S 1 Haldane spin chains [1, 2] are an example of quantum disorder and mass generation in extended spin networks. In these quantum spin liquids, the magnetism is suppressed due to collective zero-point fluctuations and the unique topology of one dimension (1D), rather than to finite system size. Spin ladders play a key role in the dynamics of stripe phases in high-temperature superconductors [3] and under certain conditions can themselves support exotic types of superconductivity [4]. On a more fundamental level they are ideal models for studying the collective spin dynamics in 1D, quantum critical points and phase transitions in external magnetic fields, and the effects of quenched disorder.
Antiferromagnetic 2-leg spin (S 1=2) ladders and the closely related S 1 Haldane spin chains [1, 2] are an example of quantum disorder and mass generation in extended spin networks. In these quantum spin liquids, the magnetism is suppressed due to collective zero-point fluctuations and the unique topology of one dimension (1D), rather than to finite system size. Spin ladders play a key role in the dynamics of stripe phases in high-temperature superconductors [3] and under certain conditions can themselves support exotic types of superconductivity [4] . On a more fundamental level they are ideal models for studying the collective spin dynamics in 1D, quantum critical points and phase transitions in external magnetic fields, and the effects of quenched disorder.
Despite the wealth of relevant theoretical results, experimental studies are lagging behind because of a shortage of suitable model compounds. In the best known ladder examples Sr 14 Cu 24 O 41 [5] and SrCu 2 O 3 [6] the large energy scales of magnetic interactions limit spectroscopic studies, especially at high fields. A typical problem with many known Haldane-gap systems [7, 8] is a large single-ion magnetic anisotropy that is often associated with S 1 spins, and qualitatively affects the dynamics and field behavior [9] . Moreover, a Haldane spin chain intrinsically has a smaller Hilbert space than S 1=2 spin ladders, and therefore lacks certain very interesting spectral features [10] . In this Letter we report the discovery of an isotropic ladder spin network in the S 1=2 compound CH 3 2 CHNH 3 CuCl 3 (IPA-CuCl 3 ), that was previously thought to be a prototypical ferromagneticantiferromagnetic (F-AF) spin chain [11] . We use inelastic neutron scattering to study its magnetic excitation spectrum. The experiments reveal a spectacular truncation of the magnon branch at certain critical wave vectors that we attributed to peculiarities of magnon interactions.
IPA-CuCl 3 crystallizes in a triclinic space group P 1 with a 7:766 A, b 9:705 A, c 6:083 A, 97:62 , 101:05 , and 67:28 [11] . The key features of the structure are shown in Fig. 1 . The magnetism is due to S 1=2-carrying Cu 2 ions arranged in sheets parallel to the a; c crystallographic plane. These sheets are well separated by nonmagnetic organic layers. A spin gap of 1:5 meV in IPA-CuCl 3 was first discovered by Manaka et al. [11] in T measurements. This value is consistent with the critical field H c 11 T that induces an ordered antiferromagnetic phase at low temperatures [12] . The gap was attributed to a singlet ground state of bondalternating Cu 2 chains running along the crystallographic c axis, as shown by the dotted line in Fig. 1 . Indeed, this model consistently explained all magnetization curves and ESR experiments, with a quantitative agreement obtained assuming alternating F-AF bonds [11] . An F coupling between nearest-neighbor Cu 2 sites J 1 < 0 [13] is consistent with the relevant Cu-Cl-Cu bond angles in the crystal structure of IPA-CuCl 3 .
At the center of the present work are inelastic neutron scattering experiments on deuterated IPA-CuCl 3 samples, prepared by crystallization from solution [11] . The T and ESR data for the deuterated samples agree well with those for the nondeuterated ones. Twenty single crystals with total mass of 3.5 g were coaligned to a mosaic spread of 4 . The data were collected using cold-neutron 3-axis spectrometers NG5-SPINS in NIST and IN12 in ILL, and at the Disc Chopper time-of-flight spectrometer (DCS) at NIST [14] . The sample was mounted with the a; c crystallographic plane parallel to the scattering plane of the instruments and maintained at or below T 1:5 K. On SPINS we utilized (guide)-80'-80'-(open) collimations and a BeO filter after the sample for a fixed-final neutron energy E f 3:7 meV, selected by a flat pyrolitic graphite analyzer. On IN-12 a Soller collimator of 60' was used only at presample position. A Be filter was positioned after the sample. Neutrons of fixed-incident E i 4:7 meV or fixed-final E f 3:5 meV energies were used in conjunction with a horizontally focusing pyrolitic graphite analyzer. A constant background (typically 1:5 counts= min , depending on configuration) was subtracted from all 3-axis data sets. On the DCS instrument the data were taken with E i 6:7 meV neutrons, the incident beam forming an angle of 60 with the a direction. The background was directly measured by removing the sample from the cryostat.
A series of constant-E and constant-q scans revealed well-defined long-lived magnetic gap excitations in a large part of the Brillouin zone in IPA-CuCl 3 . Typical data are shown in Fig. 2 . Our measurements unambiguously show that the magnetic strong-coupling direction in IPA-CuCl 3 is along the crystallographic a axis. The global dispersion minimum is at q 2n1 2 ; 0; 0 with n integer [ Fig. 3(a) ], and also corresponds to a maximum of observed inelastic intensity. In contrast, the dispersion along the c axis is rather weak, with an energy minimum at l 0 in Fig. 3(b) . The originally proposed model of bond-alternating F-AF chains running along the crystallographic c axis is thus totally inconsistent with our results. Nevertheless, the measured gap energy 1:2 meV is in agreement with that deduced from bulk measurements.
In the wave vector range 0:2 h 0:8 and 1:2 h 1:8, where sharp magnon peaks were observed, the 3-axis data were analyzed using a model single-mode (SM) cross section, with an empirical spin-gap dispersion relation [15] , slightly modified to accommodate a transverse dispersion:
where q ha kb lc . The gap is equal to at l 0, and is allowed to slightly oscillate along c with a transverse bandwidth b 0 . The boundary energy corresponds to ! 0 . The cross section was numerically convoluted with the spectrometer resolution function calculated in the Popovici approximation [16] and fit to the experimental data. The magnetic form factor for Cu 2 ions was built into the fits. Separate coefficients S SM q were used for each constant-q scan to determine the 3-dimensional structure factor in the most model-independent manner possible. The parameters of the dispersion relation in Eq. (2) 
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047210-2 dence of this structure factor for l 0 is shown in Fig. 4(b) .
The measured c-axis modulation of the magnon intensity is exactly explained by a ferromagnetic dimer with a particular spin separation d in the crystal structure ( reciprocal-space rods are very well reproduced by assuming S SM q / cos 2 hd x ld z =! q , as shown by the solid line in Fig. 4(a) . To a good approximation one can thus describe IPA-CuCl 3 in terms of uniform chains made up of these ferromagnetically correlated spin pairs. The chains run along the crystallographic a axis and are composed of effective S 1 spins. Since the single-mode intensity has its maximum at h 2n1 2
[ Fig. 4(b) ], the correlations between the nearest-neighbor effective S 1 spins are predominantly antiferromagnetic. If one assumes that near the magnetic zone center a dominant fraction of the total spectral weight is contained in the single-mode excitations, one can reproduce the measured h dependence of intensity with only nearest-neighbor AF interactions in the S 1 chains. For this model Sh / sin 2 h=! h , which is in good agreement with experiment [solid line in Fig. 4(b) ]. We conclude that the singlet ground state in IPA-CuCl 3 and the gap excitations are due to composite S 1 Haldane spin chains that run perpendicular to the originally proposed bond-alternating chains directions.
As shown in Fig. 1 the crystal structure of IPA-CuCl 3 presents a number of possible AF superexchange routes between Cu 2 spins along the a axis. In the most general case, the appropriate model for IPA-CuCl 3 is a spin ladder with F rung interactions J 1 , a leg coupling constant J 2 , and a diagonal exchange interaction of magnitude J 3 (presumably also AF). If this interaction were infinitely strong, the mapping onto a Haldane spin chain would be exact. In fact, the measured dispersion differs from that for an ideal S 1 chain. In the latter, the ratio of the spin wave velocity v to the gap energy is v= 6 [17] . In contrast, in IPA-CuCl 3 v= 3:1, about twice as small. The analogy with Haldane spin chains is thus only qualitative, and the jJ 1 j is probably of the same order of magnitude as J 2 and J 3 . Without a direct comparison with first-principle calculations, the exact values of the exchange constants can not be deduced from the measured dispersion and intensity modulation of the single-magnon excitations. The observed small dispersion of magnetic excitations along the c direction indicates a weak coupling J 4 between individual ladders (Fig. 1) . From the position of the dispersion minimum we conclude that J 4 < 0.
A remarkable feature of the measured spectrum is the abrupt disappearance of the magnon branch at a certain critical wave vector q c . This phenomenon is well illustrated by the time-of-flight data of Fig. 2(a) . The sharp gap excitation extends to h profile for a resolution-limited peak], and is totally absent at h 1:1 (not shown).
Such a dramatic spectrum termination phenomenon has been recently discovered and investigated in the quasi-2D material PHCC [18] . To our knowledge, IPA-CuCl 3 is the only other known spin-gap material with a similar feature. The effect can be explained by a coupling between singlemagnon and multimagnon states [18] [19] [20] . The domain of the two-magnon continuum in IPA-CuCl 3 , though invisible in our experiments due to low intensity and a very tight energy resolution, can be calculated using the measured one-magnon dispersion. As represented by the labeled (green online) shaded areas in Fig. 3(a) , the continuum has a gap of 2. Note that the single-magnon branch crosses into the 2-magnon continuum at exactly h What drives the decay process is interactions between magnons. Interestingly, in an ideal symmetric spin ladder the matrix elements between single-magnon and 2-magnon states are exactly zero, so the single mode survives inside the 2-magnon continuum [19, 20] . In particular, in an isotropic Haldane spin chain stable magnons are expected to persist all the way to the zone-boundary. We can speculate that the abrupt disappearance of the magnon branch in IPA-CuCl 3 , which distinguishes these composite Haldane spin chains from actual ones, is due to a symmetrybreaking diagonal interaction J 3 .
Contrary to what was previously thought, IPA-CuCl 3 is a beautiful asymmetric spin ladder system, that for many purposes can be seen as a ''composite'' Haldane spin chain. Unlike an ideal Haldane spin chain, though, it features a spectacular end-of-spectrum effect at a certain critical wave vector. Future neutron work will focus on a direct observation of excitation continua, effects of high magnetic field, and Br-dilution.
